ABSTRACT: Ten reefs of the Veracruz Reef System (VRS) were surveyed to evaluate the distribution and prevalence of diseases that affect stony corals. Total disease prevalence on corals in the VRS was 4.8%. Seven diseases affecting 6 coral genera (4 of which are the most abundant) were observed in 85.2% of the evaluated sites. As observed in other reefs of the Caribbean, dark spots disease had the highest prevalence (2.9%) and widest distribution. The incidence of disease showed a patchy distribution, with prevalence being significantly higher on the reef flats than on the windward and leeward sides.
INTRODUCTION
Infectious diseases affecting major reef-building coral species have been identified as the most important factor contributing to the loss of live coral cover and population declines in corals, resulting in the deterioration of coral reefs. Consequently, they are an emerging threat to West Atlantic coral reefs (Harvell et al. 2004 , Ward & Lafferty 2004 , Weil 2004 , Willis et al. 2004 , Bruckner & Bruckner 2006 , Weil et al. 2006 , Ballantine et al. 2008 . Diseases affect reef ecosystems by causing major shifts in community structure. For example, the shift from acroporid-to agaricid-dominated reefs in Belize was probably caused by disease-induced mortality of acroporid corals (Aronson et al. 2002) .
The growing incidence of coral diseases, as well as increased disease prevalence and rate of spread on coral colonies, is attributed to increases in pathogen prevalence and virulence associated with global warming and low water quality (Bruckner & Bruckner 1997a , Kim & Harvell 2002 , Bruno et al. 2003 , Cervino et al. 2004 , Voss & Richardson 2006 , Weil et al. 2006 , Baker et al. 2007 , Harvell et al. 2007 , Muller & van Woesik 2009 ). For example, black band disease, white plague and dark spots disease have been associated with warm (> 30°C) water temperature (Kuta & Richardson 2002 , Brandt & McManus 2009 ). Some experimental nutrient enrichment around Montastraea annularis increased the rate of spread yellow band disease (Bruno et al. 2003) .
The Veracruz Reef System (VRS) is located in the Southern Gulf of Mexico, off Veracruz City, the most important and biggest cargo port in Mexico (19°03' to 19°12' N; 95°56' to 96°04' W;  Fig. 1 ). The VRS is divided into 2 groups by the influence of the fluvial plume of the Jamapa River: the North and the South groups. In the VRS, annual mean sea surface temperature (SST) has increased around 0.3°C during the last 20 yr, which is equivalent to 1.9°C per century (SST data were obtained from the Hadley Centre Sea Ice and SST data set; see Rayner et al. 2003) . Although 20 yr is a period too brief to exclude the possibility of decadal weather variations, the observed trend is consistent with the predictions of most climatic change models (e.g. IPCC 2007) .
Anthropogenic impacts in the VRS stem from major port activities and human population growth. Oil spills, discharges of other chemical pollutants, overfishing, unrestricted recreational diving, ship groundings, sewage effluents, dredging, and boat anchoring have led to polluted, turbid and highly nutrient-enriched waters in the VRS (Horta-Puga & Carricart-Ganivet 1990 , Tunnell 1992 , Lang et al. 1998 , Cruz-Piñón et al. 2003 , Horta-Puga 2003 . As a consequence, the entire VRS was decreed a marine protected area by the Mexican Government in 1992.
The aim of this study was to assess the prevalence and distribution of diseases on reef-building corals in the VRS in order to provide information for improved management of this important reef system.
MATERIALS AND METHODS
We surveyed 3988 colonies of stony corals, belonging to 16 genera (Table 1 ) and distributed in 480 line transects (10 m apart), to evaluate the distribution and prevalence of diseases that affect these organisms in the VRS. Surveys were carried out in September 2006 and March, July, September, October, and November 2007 using the sampling protocol designed by the Atlantic and Gulf Rapid Reef Assessment Program (AGRRA methodology v. 4.0, www.agrra.org) with some minor modifications (we assessed all living corals that could be seen by the naked eye and that underlay the transect line). On each occasion, the same group of divers performed the surveys, and data were obtained from 10 reefs: 5 each from the North group and the South group (Fig. 1) . At each reef -with the exception of Hornos, Blanca and Chopas -3 zones were studied: the windward reef, the reef flat and the leeward reef (see Table 3 ). Hornos is fringing reef, i.e. without a leeward side, and in Blanca and Chopas environmental conditions did not allow sampling.
Coral genera were identified following Humann (1998) , and diseases were identified using US government issued disease identification cards obtained from the National Oceanic and Atmospheric Administration (NOAA) (Bruckner & Bruckner 1998a,b,c,d ) and published descriptions of each condition. Dark spots disease (DSD) was identified from the scattered occurrence of dark purple to gray or brown patches of discolored tissue, often circular in shape but also occurring in irregular shapes and patterns (Garzón-Ferreira et al. 2001) . White plague (WPL) created a sharp line between receding tissue and the skeleton (Bruckner & Bruckner 1997b , Richardson et al. 1998 . Rapid tissue necrosis (RTN) was characterized by fast tissue degradation (peeling) and death of the colony (Luna et al. 2007 ). White pox disease (Wpox) caused necrotic patches, with necrosis at the boundary of the living coral tissue leaving behind a bare but otherwise undamaged skeleton (Rodríguez-Martínez et al. 2001) . Hyperplasia (HPL) was observed as a coral growth anomaly followed by necrosis associated with algae (Work & Rameyer 2005) . Black band disease (BBD) was identified as a black mat several millimeters to centimeters wide on the surface of the coral tissue. Signs of yellow band disease (YBD) included irregularly shaped areas of lightened yellow tissue on the coral surface in early stage infections; later stages produced dead areas, sometimes filled with sediment or algae, surrounded by a band of yellow tissue (Cervino et al. 2001) . Disease prevalence was computed for the VRS (total prevalence) for each group, reef, reef zone, and genus as the percent of diseased colonies relative to the total colonies in each case (i.e. disease prevalance = [no. of diseased colonies/no. of total colonies] × 100). Data were analyzed at the community and genus levels. A nested Analysis of Variance (ANOVA) was computed as a function of Group, Reef and Zone to show which component made the highest contribution to disease prevalence. Differences between the North and South groups were analyzed using a t-test for independent samples, and between reefs, reef zones, and genera with 1-way ANOVAs, followed by Tukey's HSD tests.
RESULTS
The total disease prevalence on corals in the VRS was 4.8%. The effect of Group, Reef and Zone on disease prevalence is presented in Fig. 2 Prevalence by Group was significantly higher in the North group (6.0%) than in the South group (3.8%) (ttest for independent samples, p < 0.0001, t = 10.69). At the Reef level (Fig. 2) , prevalence was significantly different between reefs (1-way ANOVA, n = 10, p < 0.0001, F = 45.7; Table 3 ). Between Zones (Fig. 2) prevalence was significantly different (1-way ANOVA, n = 3, p < 0.0001, F = 131.3), and a Tukey's HSD test showed that prevalence was significantly higher on the reef flats (7.8%) than in the windward and leeward zones (2.5% in both cases). Seven diseases were observed on corals in 85.2% of the 27 reef zones that were evaluated. Of the 3988 corals surveyed, 192 (4.8%) presented signs of disease (Fig. 2) . DSD had the highest prevalence (2.9%) and widest distribution, at both the community and the genus level (Figs. 2 & 3) , followed by WPL (1.1%), and BBD (0.6%). The lowest prevalence was for HPL and RTN (0.03% in both cases). HPL was found only in the windward zone of Cabezo Reef; RTN was found only in the windward zone of Anegada de Afuera Reef.
Prevalence of disease as a function of genus is presented in Fig. 3 . Six of the 16 registered genera were affected by a disease (Table 1) : Colpophyllia, Diploria, Montastraea, Porites, Siderastrea and Stephanocoenia. Disease prevalence in Siderastrea was significantly higher (9.1%) than in the other 5 genera (1-way ANOVA, n = 6, p < 0.0001, F = 94.4); this genus was affected by 3 diseases: DSD (6.5%), WPL (1.5%) and BBD (1.1%). Diploria showed signs of DSD (1.4%), BBD (0.9%), WPL (0.2%) and YBD (0.2%). Montastraea was affected by WPL (0.9%), Wpox (0.8%), RTN (0.1%), and YBD (0.1%). DSD affected all genera and WPL was present in all genera except Stephanocoenia. RTN was present only in Montastraea and HPL only in Colpophyllia.
DISCUSSION
The results of the Variance Components Analysis (Table 2 ) mean that the distribution of diseases in the VRS is mainly explained at a lower scale than Reef zone; amongst the factors considered herein, Reef zone made the highest contribution to the geographic distribution of coral diseases. This indicates that the distribution of diseases is patchy in the VRS, as observed in other Caribbean reefs (e.g. Bruckner & Bruckner 1997a ,b, 2006 , Weil et al. 2002 , Bruno et al. 2003 . Weil & Croquer (2009) consider that the patchy distribution of diseases in several reefs of the Caribbean must be linked to variations in the abundance and spatial distri- 
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Prevalence ( bution of corals, environmental conditions and the availability of pathogens. With our present knowledge of coral communities in the VRS, the patchy distribution of diseases observed here cannot be explained; however, it is likely that environmental conditions are influential. Low water movement, low wave energy, and shallow depths (0.5 to 2 m) characterize the reef flat zones (Horta-Puga 2003) . Thus, while turbid waters characterize the entire VRS, the reef flat zones are exposed to higher light intensity and higher water temperatures than the windward and leeward sides (Chávez et al. 2007) . Such conditions favor the presence and availability of pathogens and coral diseases (Alker et al. 2001 , Kuta & Richardson 2002 , and might explain the higher incidence of disease in the reef flat zones in the VRS.
Reefs are better developed in the South group, with larger reefs extending farther offshore, than in the North group, with smaller reefs nearshore (see Carricart-Ganivet & Horta-Puga 1993 , Tunnell 2007 . Nonetheless, within the VRS, there are more terrigenous sediments at the reefs in the South group than at the reefs in the North group and, due to the prevailing water circulation, the North group is less influenced by inflow from the Jamapa River (Carriquiry & HortaPuga 2010) . These conditions favor higher light intensity in the reefs from the North group than in those of the South group, favoring disease prevalence in the former group.
In line with results presented here for the VRS, Weil (2004) and Calnan et al. (2008) reported that DSD is among the most prevalent and widely distributed coral diseases in the Caribbean. Weil & Croquer (2009) noted that the occurrence of some diseases seems to be correlated with the distribution and abundances of susceptible coral species in the Caribbean Sea. Siderastrea, Colpophyllia, Montastraea and Diploria are the most abundant coral genera in the VRS (HortaPuga 2003) , and all 6 genera reported here as having diseased colonies have been identified as susceptible to the same diseases in other reef locations in the Caribbean (Ward et al. 2006 , Weil & Croquer 2009 . Weil & Croquer (2009) , working in reefs of the Caribbean, also found diseases to be widely distributed but with low values for total prevalence. These authors suggested that values of total disease prevalence between 1% and 6% could be considered as normal at the community level in the Caribbean reefs. Thus, the total coral disease prevalence of 4.8% found in the VRS is within the normal range for the Caribbean. Nonetheless, considering that the VRS is affected by severe environmental problems, including factors that increase disease prevalence (i.e. increased SST and low water quality), a higher disease prevalence than that obtained in this study was expected.
The lower than expected disease prevalence in the VRS could be explained in 2 ways: (1) Coral reefs of the VRS develop in a turbid (i.e. decreased light) environment generated by the outflow of the Jamapa River (Morelock & Koenig 1967 , Tunnell 1988 , CarricartGanivet & Merino 2001 , Carriquiry & Horta-Puga 2010 . Muller & van Woesik (2009) suggested that reduced levels of irradiance decrease the rate of coral disease progression, by stressing the pathogenic microflora and reducing their virulence under low light conditions. (2) Miller et al. (2009) suggested that, although most coral species in the Caribbean can recover from massive bleaching events, during the recovery process they are likely to be more susceptible to diseases for several months. To our knowledge, there has not been a massive bleaching event in the VRS. Bleaching events occur when a combination of elevated temperature and irradiance is present (Brown 1997) . Thus, even though environmental conditions that promote diseases, such as high nutrient concentrations and increased SST, are present in the VRS, the turbid waters may inhibit coral diseases by decreasing irradiance on corals, reducing the virulence of pathogenic microflora, and/or preventing bleaching events. 
